Based on the achievement of synthesis of ZnO nanowires in mass production, ZnO nanowires gas sensors were fabricated with microelectromechanical system technology and ethanol-sensing characteristics were investigated. The sensor exhibited high sensitivity and fast response to ethanol gas at a work temperature of 300°C. Our results demonstrate the potential application of ZnO nanowires for fabricating highly sensitive gas sensors. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1738932͔ Solid-state gas sensors play an important role in environmental monitoring, chemical process controlling and personal safety.
1,2 Up to now, semiconducting metal oxide sensors have been widely investigated due to their small dimensions, low cost, and high compatibility with microelectronic processing. In the case of the polycrystalline ͑ceramic or film͒ devices, only a small fraction of the species adsorbed near the grain boundaries is active in modifying the electrical transport properties. This causes the low maximum sensitivity because of the limited surface-to-volume ratio, which is difficult to overcome.
In recent years, one-dimensional ͑1D͒ nanostructures, such as carbon nanotubes, 3 Si nanowires, 4 ZnO nanobelts, 5 have attracted much attention due to their great potential applications, such as materials for solid-state gas sensors with great potential for overcoming the fundamental limitations due to their ultrahigh surface-to-volume ratio. Recently, gas sensors based on an individual carbon nanotube, SnO 2 and In 2 O 3 nanowire have been fabricated. [6] [7] [8] These sensors have excellent response and recover characteristics, but they are not convenient for mass production. Recently, SnO 2 nanobelt bunches were used as the gas sensing material, which overcomes the difficulty of processing an individual nanowire/nanobelt. 9 ZnO, a multifunctional semiconducing metal oxide, is one of the most promising materials for gas sensor application. 10, 11 There are currently no reports on the gas sensing properties of ZnO nanowires, although ZnO ceramic and film gas sensors were widely investigated. [10] [11] [12] [13] As reported in our previous publication, massive semiconducting ZnO nanowires can be synthesized by thermal evaporation of Zn under controlled condition without a metal catalyst.
14 In this letter, gas sensors based on ZnO nanowires are fabricated with microelectromechanical system ͑MEMS͒ technology and ethanol sensing characteristics of the sensor were carefully studied, demonstrating that ZnO nanowire sensors exhibited a very high sensitivity to ethanol gas and fast response time at 300°C.
The general morphology of the synthesized ZnO nanowires was studied by the field emission scanning electron microscope ͑SEM, JSM, 6700F͒. Figure 1͑a͒ shows lots of long nanowires with a diameter of 25Ϯ5 nm. The synthesized nanowires are composed of O and Zn with an atom ratio of 98%, measured by energy-dispersive x-ray fluorescence ͑EDX͒ pattern in Fig. 1͑b͒ , inferring the existence of some oxygen vacancies. Oxygen vacancies always make ZnO into an n-type semiconductor.
In order to reduce the power consumption, ZnO nanowire gas sensors were fabricated on the silicon-based membrane embedded with Pt interdigitating electrodes and a heater, as our previous fabrication of WO 3 thin film gas sensor. 15 As shown in Figs. 2͑a͒ and 2͑b͒, the size of the membrane is 1.4ϫ1.4 mm 2 and the device is 3ϫ3 mm 2 in area. The silicon-based membrane was prepared with the steps as follows: ͑1͒ Pt heater and the temperature sensors were sputtered on Si 3 N 4 /SiO 2 /Si substrates and patterned by liftoff methods; ͑2͒ the low stress SiON film, 1 m thick, was deposited as the insulating layer using plasma enhanced chemical vapor deposition ͑PECVD͒; ͑3͒ the interdigitating electrode was prepared on the SiON layer by sputtering; ͑4͒ the window of 1.4ϫ1.4 mm 2 in area was formed through the backside etching of silicon with KOH solution.
The synthesized ZnO nanowires were ultrasonic dispersed in ethanol for 30 min and dried by an infrared light. The resulting ZnO nanowire paste was then deposited onto the silicon-based membrane by spin coating. Finally, a drying process at 400°C for 1 h was performed. The gas sensing characteristics of the fabricated sensors were measured in a cylindrical gas flow chamber ͑2.5 cm in diameter, 5 cm in height͒. Sensors were connected to the outside electronics to a͒ Author to whom correspondence should be addressed; electronic mail: thwang@aphy.iphy.ac.cn monitor their resistance change independently. The power consumption to maintain the operating temperature of 300°C is only about 75 mW. Figure 3͑a͒ shows the response and recovery of ZnO nanowires upon exposure to 1, 5, 50, 100, and 200 ppm ethanol at the work temperatures of 300°C. The initial resistance is steady, and the response and recovery is rapid. As indicated by Fig. 3͑a͒ , the fabricated sensors show a clear and fast resistance change to 1 ppm ethanol.
Most semiconducting oxide gas sensors operate on the basis of the modification of the electrical properties of an active element, brought about by the adsorption of an analyte on the surface of the sensor. As shown in Fig. 3͑b͒ , when ZnO nanowire sensor is exposed to air, an oxygen molecule adsorbs on the surface of the ZnO nanowires and forms an O 2 Ϫ ion by capturing an electron from the conductance band. So ZnO nanowires show a high resistance state in air ambient. When the ZnO nanowire sensor is exposed to a reductive gas at moderate temperature, the gas reacts with the surface oxygen species, which decreases the surface concentration of O 2 Ϫ ion and increases the electron concentration. This eventually increases the conductivity of the ZnO nanowires. In the case of ceramic or film, the electrical modification only takes place in the grain boundary or porous surface. In the case of ZnO nanowires with the diameter of 25 nm, it is expected that the bulk electronic transport properties of the entire nanowire will change. In other words, it is a conductance switch, the entire conductivity of which is fully determined by its surface. 7 The sensitivity, S g , of the sensor is defined as R a /R g , where R a is the electrical resistance of the sensor in air, and R g is its resistance in ethanol-air mixed gas. The sensitivity versus ethanol concentration at 300°C is shown in Fig. 4͑a͒ . It can be seen that the sensitivity increases with increasing the ethanol gas concentration. S g at 200 ppm ethanol exposure is measured to be 47, and S g at 1 ppm ethanol exposure to be 1.9. In contrast, the sensitivity of ZnO ceramic gas sensor was reported to be less than 2 with 200 ppm ethanol. 13 The much higher sensitivity of our sensor is mainly due to the bigger surface-to volume ratio of ZnO nanowires.
In fact, the sensitivity of the semiconducting oxide gassensitive sensor can usually be empirically represented as: S g ϭAP g ␤ , where P g is the target gas partial pressure, which is in direct proportion to its concentration, and the sensitivity is characterized by the prefactor A and exponent ␤. 16 ␤ may have some rational fraction value ͑usually 1 or 1/2͒, depending on the charge of the surface species and the stoichiometry of the elementary reactions on the surface. As shown in Fig. 4͑a͒ , when ethanol concentration is in the range of 1-100 ppm, ␤ is found to be 1. The sensitivity shows evidence of saturation when the ethanol concentration is up to 200 ppm. The sensitivity of the ZnO nanowire sensor at different working temperatures was also investigated with an ethanol concentration of 100 ppm. As shown in Fig. 4͑b͒ , the sensitivity increases sharply as the temperature is raised from 200 to 300°C. This is mainly because of the enhanced reaction between the ethanol and the absorbed oxygen at an elevated temperature.
In conclusion, ZnO nanowire sensors were fabricated with the MEMS technology. The sensing characteristics to ethanol gas were carefully studied. High sensitivity and fast response time were found at a working temperature of 300°C. These results demonstrate that ZnO nanowires can be used as the gas sensing material for fabricating highly sensitive gas sensors.
